Short-term bed-level dynamics has been identified as one of the main factors affecting biota establishment or retreat on tidal flats. However, due to a lack of proper instruments and intensive labour involved, the pattern and drivers of daily bed-level dynamics are largely unexplored in a spatiotemporal context. In this study, 12 newly-developed automatic bed-level sensors were deployed for nearly 15 months on two tidal flats with contrasting wave exposure, proving an unique dataset of daily bed-level changes and hydrodynamic forcing. By analysing the data, we show that (1) a general steepening trend exists on both tidal flats, even with contrasting wave exposure and different bed sediment grain size; (2) daily morphodynamics level increases towards the sea; (3) tidal forcing sets the general morphological evolution pattern at both sites; (4) wave forcing induces short-term bed-level fluctuations at the wave-exposed site, but similar effect is not seen at the sheltered site with smaller waves; (5) storms provoke aggravated erosion, but the impact is conditioned by tidal levels. This study provides insights in the pattern and drivers of daily intertidal bed-level dynamics, thereby setting a template for future high-resolution field monitoring programmes and inviting in-depth morphodynamic modelling for improved understanding and predictive capability.
bed-level change. Strong erosion during storm events was also highlighted 32, 34 . However, in these studies, bed shear stress (BSS) induced by wave and tidal current as the chief hydrodynamic forcing was not analysed in concert with the daily bed-level changes. Thus, the relation between hydrodynamic forcing and the spatiotemporal pattern of short-term bed-level dynamics remains unknown.
In the current study, we aim to (1) reveal the general pattern of daily bed-level dynamics at two sites with contrasting wave exposure as the wave-exposed site is expected to show greater bed-level fluctuations than the wave-sheltered site; (2) understand the respective roles of tides and waves in driving both the daily bed-level dynamics under storm and calm weather, as well as controlling the relatively long-term (15 months) dynamics; (3) provide a template for future field studies on short-term intertidal bed-level dynamics with automatic high-resolution monitoring networks. Two tidal flats with high and low wave exposure, i.e. Zuidgors and Baarland in the Westerschelde Estuary, the Netherlands, were chosen as study sites (Fig. 1 ). The hydrodynamic forces at these two sites may not be totally contrasting, but the relative strength of wave or tidal current forcing can be different. We hypothesize that at the site with high wave exposure the daily bed-level dynamics is significantly related to the daily wave forcing, whereas at the site with low wave exposure the daily bed-level dynamics is insignificantly related to its daily wave forcing. Newly-developed SED-sensors (Surface Elevation Dynamics sensors) were distributed over the two sites to obtain high-resolution data of bed-level dynamics 33 . On the Zuidgors site, we deployed 9 stations, i.e. Z1 to Z9 from the marsh edge towards to the seaward channel. On the Baarland site, the cross-shore distance is much shorter compared to that of the Zuidgors site. Thus, we deployed only 3 stations, i.e. B1 to B3 from the upper tidal flat to the seaward channel. From n = 3 onwards, one can calculate meaningful correlations. BSS induced by wave and tidal current was quantified by numerical models and subsequently analysed in concert with the bed-level dynamics. The impact of tidal and wave forcing on bed-level dynamics was investigated primarily via correlation analysis. Storm impacts during neap and spring tide were demonstrated systematically.
Results
Different hydrodynamic forcing at two sites. The two monitored tidal flats have similar τ c (i.e. BSS induced by tidal current) but contrasting τ w (i.e. BSS induced by wave), which may induce different daily bed dynamics ( Fig. 2 ). Comparing the hydrodynamic characteristics for both field sites at points with a comparable elevation (0.3-0.45 NAP for Z7 and 0.2-0.3 NAP for B2) shows that at both stations, the peak tidal forcing varies seasonally: i.e. stronger τ c during Dec to Mar versus weaker τ c during May to Nov ( Fig. 2a and b ). Within each month, τ c varies in spring-neap cycles. τ c at the Baarland site is smaller compared to that at the Zuidgors site, which may be attributed to the inner location of this site ( Fig. 1 ). Wave forcing (τ w ) at both sites is considerably different, with the exposed Zuidgors site having a much stronger τ w compared to the sheltered Baarland site ( Fig. 2c and d) . In fact, the τ w at the Baarland site rarely exceeds 0.1 Pa, which is almost negligible.
Spatial pattern of bed-level dynamics and BSS distribution.
The mean bed level position in Nov-2013 to Jan-2014 is at −2.89 cm, and it was lower to −8.21 cm in Nov-2014 to Jan-2015 ( Fig. 2e ). Thus, the Z7 station is in net erosion over a one year time frame. At the B2 station, the bed-level experiences erosion in Dec-Apr Figure 1 . Study site at the northern bank of the Westerschelde estuary, south-west of the Netherlands (plane a). Two tidal flats (Zuidgors and Baarland) near the town Ellewoutsdijk were monitored (plane b). The seaward boarder of these two tidal flats are indicated by yellow dash line. The Zuidgors site is directly exposed to waves, whereas the Baarland site is sheltered from waves by a seaward shoal. 9 stations (Z1-Z9) were deployed at the Zuidgors site, and 3 stations (B1-B3) were deployed at the Baarland site (plane c and d). Elevation is relative to NAP (Normal Amsterdam Peil). An SED-sensor is deployed at each station. Pressure sensors for wave measurement and ADCP for velocity measurement are indicated by filled circles and open stars, respectively. Stations with open cycles do not have pressure sensors installed. Images in panel a and b are from Map data ©2017 Google. and recovery in May-Dec ( Fig. 2f ). From Dec to Apr, the peak τ c at the Z7 station is almost twice as high as that at the B2 station, but the observed net erosion at the Z7 station is only 2.15 cm, much smaller compared to 11.1 cm erosion at the B2 station. Furthermore, large short-term bed-level variabilities can be observed at both stations. Notably, storm events lead to short τ w peaks and sudden erosion at the exposed Z7 station ( Fig. 2e ). For the complete bed-level data sets at all stations, please see the Supplementary Information.
When look into the spatial distribution of relative bed-level positions, an overall steepening trend at both sites can be observed, i.e. erosion at the lower stations and deposition at the upper stations ( Fig. 3a and b ). This morphodynamic trend may be attributed to the τ c distribution, which is highest at the lowest stations and decreases gradually towards the upper stations at both sites.
The magnitude of τ w is contrastingly different at these two sites due to the contrasting wave exposure. At the sheltered Baarland site, τ w is close to zero at all stations. At the wave-exposed Zuigdors site, τ w is much higher and has a unimodal distribution over the tidal flat, with its peak at station Z6. τ w exceeds τ c at the upper stations (i.e. Z1-Z6, 1.8 m NAP to 1.0 m NAP), but it should be noted that τ c remains the main hydrodynamic forcing at this site, as for the most part of the intertidal area (i.e., Z7 to Z9; 1.0 m NAP to ca. −2 m NAP) τ c is stronger than τ w (Fig. 3a) . Additionally, the spatial steepening trend of mean bed-level position dynamics is likely controlled by τ c not by τ w (Fig. 3a and b ).
With different hydrodynamic forcing, daily bed-level dynamics at both sites has comparable levels and similar seaward increasing patterns ( Fig. 3c and d) . The mean magnitude of daily bed-level dynamics is in the range of 0.1-1.3 cm, indicating active short-term bed-level fluctuations at both sites. For stations Z2-Z6 and B2, the overall bed-level dynamics indicated by the mean bed-level positions is small, i.e. within 3 cm, but their mean daily bed-level dynamics magnitude exceeds 0.25 cm, suggesting frequently alternating erosion and deposition. The mean magnitude of daily bed-level dynamics and its variations (i.e. error bars in Fig. 3c and d) generally increase towards the seaward direction. It is noticed that both τ c and the mean magnitude of daily bed-level dynamics generally increase towards the sea. However, the correlations between these two are insignificant for both site, with r = 0.884, p = 0.108 > 0.10, n = 9 for the Zuidgors site and r = 0.743, p = 0.467 > 0.10, n = 3 for the Baarland site.
The monthly surveyed median bed sediment grain size (D50) shows a seaward increase pattern as well. Notably, D50 at the Zuigors site is general larger than that at the Baarland site. Especially, the two most seaward stations at the Zuidgors stations have much coarser surface sediment than other stations. The difference in D50 at these two sites may be caused by the stronger hydrodynamic forces at the Zuidgors site. Based on the obtained grain size data, the critical BSS for initiation of sediment motion (τ cri ) is in the range of 0.09-0.21 Pa for the Zuigors site, and around 0.09 Pa for the Baarland site, respectively. The difference in τ cri may explain why the sheltered Baarland site had comparable daily bed-level activity as the exposed Zuidgors site, even though its BSS is clearly lower ( Fig. 3a and b ). Thus, even though the Baarland site experiences smaller forcing, the bed sediment can be more easily suspended and transported due to the smaller τ cri , leading to similar level of short-term bed-level dynamics.
Figure 2.
Tidal current induced BSS (τ c ), wave induced BSS (τ w ) and daily relative bed positions at the exposed Z7 and sheltered B2 station. τ c and τ w are obtained by hydrodynamic models. The daily bed-level position data is obtained by newly-developed SED-sensors. The bed-level at the start of the measurements is at '0' . The positive and negative values indicate deposition and erosion, respectively. When SED-sensor failure leads to no daily bed-level data, the monthly-obtained differential GPS data is used as substitute (the '+' sign in panel e and f). The shaded stripes indicate stormy periods, i.e. when the incident significant wave height at the wave-exposed site exceeds 0.5 m (panel c and e).
Correlation between BSS spatial distribution and spatial morphodynamic patterns. Correlation
analysis is conducted to reveal the relation between hydrodynamic forcing (wave and tide current) distribution and spatial morphodynamic patterns. The spatial morphodynamic patterns can be denoted by (1) long-term morphological variations indicated by the spatial distribution of mean relative bed positions, and (2) short-term morphodynamics indicated by the spatial distribution of daily bed-level dynamics magnitude. Prior to the correlation analysis, spatial autocorrelation level of the original data sets has been examined to ensure independent data for the statistics analysis. When necessary, the original data sets were subsampled prior to the correlation analysis.
We show that the correlation coefficients (r) between τ c distribution and the mean relative bed positions is −0.87 (p = 0.0498 < 0.05, n = 5, subsampled) and −0.99 (0.05 < p = 0.0992 < 0.10, n = 3) at the Zuidgors and Baarland sites, respectively ( Fig. 4a ). Thus, the correlation is significant and marginally significant (i.e. 0.05 ≤ p < 0.10) at these two site. These strong correlations imply the regulating role of τ c on the relative long-term bed-level dynamics. However, the correlation between τ c distribution and the distribution of daily bed dynamics magnitude is insignificant at the Zuidgors (r = 0.884, p = 0.108 > 0.10, n = 5, subsampled) and the Baarland and (r = 0.743, p = 0.467 > 0.10, n = 3) site, respectively (Fig. 4b) . Hence, the impact of τ c distribution on the short-term bed-level dynamics pattern is unimportant.
As the τ w is almost negligible at the sheltered Baarland site (Fig. 3b ), the correlation analysis between τ w distribution and spatial morphodynamic patterns are excluded for this site. For the exposed Zuidgors site with larger τ w (e.g. Fig. 3a ), the correlation coefficient between the τ w distribution and the distribution of mean relative bed positions is r = −0.1295 (p = 0.8671 > 0.10, n = 5, subsampled). The correlation coefficient between the τ c distribution and the distribution of daily bed-level dynamics magnitude is r = 0.2619 (p = 0.6572 > 0.10, n = 5, subsampled). These two insignificant correlations show that the spatial distribution of τ w does not exerts a strong impact on the spatial morphodynamic patterns.
Correlation between local tidal/wave forcing and daily bed-level dynamics. The correlation analysis between the local hydrodynamic forcing and daily bed-level dynamics reveals the important impact of local wave forcing at the stations of the exposed site (expect for Z4 and Z9) ( Table 1 ). The local daily wave and tidal forcing were represented by the 90th percentile value of the daily τ w and τ c , respectively. These values have been identified as a useful value account for both force magnitude and fraction of time that force is large 15, 17 .
For most of the stations at Zuidgors (expect for Z4 and Z9), the daily bed dynamics is significantly correlated to the local wave forcing, whereas the correlation between the daily bed dynamics and the local tidal forcing is insignificant (expect for Z4), implying that daily bed-level dynamics is not linked to local tidal forcing. Fig. 2a and b) . The magnitude of daily bed-level dynamics reflects the mean level of absolute bed-level changes, and the error bars indicate the standard deviation of this magnitude due to temporal variation. D50 was measured by monthly by collecting and analysing surface sediment (top 2 cm) at each station. The error bars indicate the standard deviation of D50.
The correlations between τ w and daily bed-level dynamics at Zuidgors stations are all negative. Thus, larger τ w is related to erosion while smaller τ w is associated with deposition. For the Baarland stations, the correlations between daily bed-level dynamics and daily tidal or wave forcing are all insignificant.
BSS and bed-level dynamics during storm events. The Zuidgors site is directly exposed to waves, where storm events can lead to sudden increase of the total BSS (τ max ) and bed erosion (Fig. 5 ). The impact of storms on τ max and bed-level dynamics is clearly regulated by the vertical tide levels. When storms occur during neap tide, τ max increases from station Z9 towards station Z8 and Z7, and then it drops rapidly towards station Z5, where the water is very shallow (Fig. 5a ). From station Z5 upwards, τ max reduces to zero because of the limited neap high tide level. The τ c peaks around stations Z7-Z8 may be attributed to the wave breaking processes. During neap-calm tidal cycles, τ max is much smaller than that of neap-storm conditions, and it reduces almost monotonously from station Z9 to Z5. As a consequence, the bed erosion during neap-storm condition is much more apparent compared to neap-calm condition, especially at the Z7 station with high τ max (Fig. 5c ).
In spring-storm conditions, τ max is affected across the whole tidal flat (Fig. 5c ). Due to the increased incident waves, τ max during spring-storm conditions is also stronger comparing to the spring-clam conditions, but they share a similar monotonically decreasing pattern from station Z9 to Z1. During spring-storm tidal cycles, increased erosion was spread out to almost all stations compared to the spring-calm conditions (Fig. 5d ). The general erosion pattern across the tidal flat is also different from the localized erosion pattern in neap-storm conditions.
Although the storm events have a strong impact on bed-level per event, it should be noted that over the 15 months monitoring period, the number of stormy tidal cycles (i.e. incident wave height >0.5 m, 17 tidal cycles) is much smaller than the number of calm tidal cycles (i.e. incident wave height <0.1 m, 292 tidal cycles).
Discussion
Based on high spatiotemporal resolution data, we have extended on previous studies and reveal detailed pattern and hydrodynamic drivers of bed-level dynamics on two tidal flats with contrasting wave exposure. We show that the magnitude of short-term bed-level variations is high comparing to the net bed-level changes at both study sites. It implies that the intertidal environment has a high level of bed-level dynamics for the establishment of new vegetation or benthos 23, 24, [26] [27] [28] [29] . It is apparent that the magnitude of daily bed-level dynamics increases towards the seaward direction with the enhanced total BSS from tidal current and wave (τ max ). Thus, the chance of vegetation or benthos establishment decreases if they settle at lower elevations with greater bed dynamics and longer inundation time 25, 28 . This finding confirms previous schematisation of short-term sediment dynamics over tidal flats, which causes lateral salt marsh migrations 29 . It may also partly explain why the newly established saltmarsh areas are generally found in areas above a certain elevation threshold 35 . The relative importance of wave and tidal forcing on tidal flat morphodynamics is often discussed in systems with different tidal ranges 15, 16, 30, [36] [37] [38] . Tidal force is the dominating force regardless of wave exposure conditions. The tide forcing regulates the overall morphodynamic pattern (indicated by the distribution of mean bed-level positions), as their correlation between tide forcing distribution and the overall morphodynamic pattern is significant or marginally significant at these two sites. The overall tidal flat morphodynamic trend has a steepening trend. It confirms previous findings that tide dominance can lead to net landward sediment transport and deposition in the upper tidal flat [15] [16] [17] . Additionally, seasonal variations in the tidal forcing can be observed in the current study, which is similar to the previous studies in meso and marco-tidal environment 39, 40 .
Although the general morphodynamic pattern over the whole monitoring period is set by τ c , the daily bed-level fluctuation at most of the exposed stations is significantly related to the local wave forcing variation (Table 1) . Thus, during the process of mean bed-level variation (regulated by τ c ), the oscillating wave forcing induces high-frequency bed-level fluctuations. This results also support our hypothesis that the strong wave forcing at the exposed site exerts a significant impact on the short-term bed-level dynamics, while the relative weak wave forcing at the shelter site does not have an apparent influence on short-term bed-level changes. The effect of wave forcing is most apparent during storm events at the exposed site. The total forcing (τ max ) is suddenly enhanced during storm events, which leads to abrupt bed erosion. However, the storm events are rare and transient. Thus, they do not impose a consistent effect on the bed-level variation as tide forcing does. Furthermore, by comparing the neap-storm and spring-storm condition, we also show the storm impacts are largely regulated by the vertical tidal level.
Thus, the respective roles of tidal and wave forcing at the two contrasting sites can be summarised as: (1) tidal forcing sets the general morphological evolution pattern over middle to long-term at both sites; (2) wave forcing exerts a strong impact on short-term bed-level fluctuations at the exposed Zuidgors site, but a similar effect is not seen at the sheltered Baarland with reduced wave height; (3) the storm impacts at the exposed site are largely regulated by vertical tidal levels. Despite the importance of wave and tide forcing, not all the variations in daily bed-level dynamics can be explained by these two forces. For instance, the daily bed-level dynamics at the shelter Baarland site is not correlated with either tidal or wave force (Table 1) , and there is no clear relation between hydrodynamic force level and bed level change magnitude between these two different sites (Fig. 2) . It suggests other factors including e.g. biostabilization/bioturbation, external sediment supply as well as rain and drainage may be also at work 15, 20, [41] [42] [43] [44] [45] [46] . Thus, further studies are needed to gain a comprehensive understanding of short-term bed-level dynamics.
Previous studies on short-term intertidal morphodynamic behaviour were generally confined by the number of monitoring stations or monitoring period [20] [21] [22] . In rare instances, high-resolution bed-level data matrixes were obtained in pervious manual surveys, which have revealed interesting intertidal morphodynamic responses to various hydrodynamic conditions 34, 47 . In the current study, sufficient spatial (12 stations) and temporal (nearly 15 months) monitoring coverage is achieved by applying the new automatic SED-sensors 33 . Daily bed-level dynamics and BSS distribution are obtained by combining the observation with hydrodynamic modelling, but the required labour is substantially reduced. This study may set a template for future field studies on short-term bed-level dynamics with high spatiotemporal resolution. It is noted that without a proper method or tool, in-depth space-time analysis is difficult. Thus, the obtained unique dataset invites detailed morphodynamic modelling studies to improve our understanding and predicative ability of short-term bed-level fluctuations.
A better understanding of short-term intertidal bed-level dynamics is important for the study of long-term morphological evolution and bio-morphological processes on tidal flats 15, 29, 30 . Based on high-resolution observation and validated hydrodynamic models, we demonstrate the seaward increasing pattern of daily bed-level dynamics and hydrodynamic forcing at both field sites. The regulating role of tidal forcing on long-term intertidal morphology, as well as the important impact of wave forcing on short-term bed-level fluctuations at the wave-exposed site are highlighted. Storm-induced BSS surge and aggravated erosion are also systematically demonstrated. Our findings provide a spatially explicit understanding of sediment dynamics on tidal flats with contrasting wave exposure, which are valuable in interpreting the key ecological processes such as seedling establishment and cliff invitation.
Study area
Current study was conducted on tidal flat Zuidgors and Baarland (Fig. 1a ). These two tidal flats are located in the north bank of the Westerschelde Estuary, near the town of Ellewoutsdijk, in the south-west of the Netherlands. The Westerschelde is a meso to macrotidal estuary, and the maximum depth-averaged current velocities in main channels are typically 1-1.5 m/s 48 . At both sites, the mean tide range is ca. 4.1 m and the mean high water level (MHWL) 2.3 m NAP (Normal Amsterdam Peil). Both sites were composed of marginal saltmarsh areas and unvegetated tidal flats, which were assessable from land during low tide (Fig. 1c) . Notably, Baarland is sheltered from waves by a seaward shoal (Fig. 1c) , whereas Zuidgors is exposed to relatively large waves induced by prevailing south-westerly winds 30 .
Methods
Field measurements. In the current study, wave parameters and bed-level dynamics were measured synchronously. Nearly 15 months of measurements, from 11-Oct-2013 to 06-Jan-2015 were executed in 11 consecutive periods. Each period lasted for 25-56 days. Between two measuring periods, there was a few days gap for retrieving and reinstalling instruments. During the measurement gaps, no data was acquired. Tidal current measurements were conducted from 19-Dec-2013 to 16-Jan-2014, which covered two complete spring-neap tidal cycles.
The wave and tidal current measurements were conducted by pressure sensors (OSSI-010-003C, Ocean Sensor Systems, Inc.) and ADCPs (Acoustic Doppler Current Profiler), respectively. Bed-level changes were monitored automatically by SED-sensors, which were developed by Royal Netherlands Institute for Sea Research (NIOZ) 33 . The measuring window of the SED-sensor is daytime during low-tide. Values of bed level were therefore obtained for each day. For some of the monitoring period, SED-sensor failure led to no daily bed-level data (Fig. 2) . Monthly-obtained differential GPS data was used as substitution to record bed-level changes, and the data was interpolated to maintain the daily resolution for further analysis.
Surface sediment samples (upper 2 cm) were taken monthly from Jan. 2014 to Jan. 2015, except Sep. and Dec. 2014. The median grain size (D50) of these sediment samples was analysed in the laboratory of Royal Netherlands Institute for Sea Research (NIOZ) using a laser particle sizer (Malvern Master Sizer 2000). The critical BSS (τ cri ) that initiates sediment motion was determined for each station based on these sediment samples data following the method described in van Rijn 49 . The effects of cohesiveness and packing are considered. For the Zuigors site, the proportion of clay fraction (<8 μm) is estimated to be 0.1 for the stations with D50 ≥ 62 μm. As for the Baarland site, D50 at all stations was ≤62 μm. Thus, τ cri can be obtained directly.
Hydrodynamic modelling and BSS quantification. The cross-shore and long-shore current modelling was conducted following the method described in Le Hir 36 . Wave modelling was carried out by using SWAN (Simulating WAves Nearshore) 50 . The set-up and validation of these hydrodynamic models are included in the Supplementary Information. Both models are generally in good agreement with the measured wave or velocity data (see Supplementary Figs S2 and S3 ). The modelling errors in the velocity modelling may be attributed to the factors (e.g. wind or wave driven velocity) that are not included in the current simple model ( Supplementary  Fig. S3 ). These validated models were used to quantify τ c , τ w and τ max . The maximum BSS due to the combined effect of wave and tidal current (τ max ) was obtained following Soulsby's method 51 .
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